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Abstract
Competitive manufacturing companies have to effectively deal with the concurrent evolution of products, processes
and production systems. This problem, known as Co-evolution, can be addressed only through the integrated use of 
different methodologies, provided that the digital tools implementing these methodologies can interoperate properly 
and effectively. This paper presents the concept of an integrated framework to support the interoperability between
digital factory tools and shows how it can benefit the business processes along the whole factory life-cycle.
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1. Introduction and Motivation
The influence of economic, political and
technological changes led to a worldwide modification
of the traditional idea of manufacturing [1]. The way
products are conceived, designed and built must take
into consideration the availability of new material,
technologies and the spread of new business models for 
their production and marketing. Besides this, the
enterprises must cohabit with continuous rollouts of new
products and high pressure on quality and costs [2].
The occurrence of such rapid changes creates a
multitude of possible scenarios that companies must face 
in order to stay competitive. These scenarios are often 
unpredictable causing an increase of the complexity of 
the manufacturing problem that cannot be properly 
addressed by the existing solution approaches being not 
holistic and comprehensive enough.
The impact of these factors on the survival skills of 
the enterprises has focused the attention on specific
problems and consequently driven the research priorities
of the scientific community [3]. Recent advances in the
literature have shown that the success of an enterprise
strictly depends on its capability of jointly managing the
decisions related to products, processes and production 
systems, their connections and reciprocal influences 
together with the company strategic decisions and
position in the market. Indeed, a manufacturing
company must be able to deal with the Co-evolution of 
products, processes and production systems by 
propagation of engineering changes to gain competitive
advantage from the resulting market and regulatory 
[4] (Fig. 1).
Fig. 1. The Co-evolution paradigm [4]
When considering the different actors playing a role
in the manufacturing sector, industrial equipment users
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are the ones that most often have to address the Co-
evolution problem due to the need of combining
information related to products, processes and physical
resources in their plants. The strategic decisions to be
taken embrace determining the system configuration that 
better fits the production requirement over time in
relation to the changes of the market. To this aim they
must be able of configuring and re-configuring their 
production system in terms of machines and auxiliary 
equipment, while adjusting the production processes,
plans and schedules.
The co-evolution problem impact on the equipment 
producers as well, since they must be able to provide
their customers with the proper equipment to meet their
needs. The strategic decisions for equipment producers
have to deal with the design and implementation of 
flexibility and re-configurability capability in their 
products [5].
Fig. 2
Multiple approaches and methodologies are available
to address the specific engineering or decision problem 
in a coherent and specific way to repeatedly determine
the best and most appropriate solution over time.
However, addressing the Co-evolution entails the need
of jointly using these different approaches, techniques 
and methods aiming at an holistic configuration of 
product, process and production system. By properly 
managing the Co-evolution, a company can be capable
of continuously operating at a point that preserves the
feasibility and profitability in spite of the dynamic
context and the uncertainty of the external environment.
Tackling the co-evolution problem entails the need of 
collaboratively designing and managing products,
processes and production systems, being able of 
considering the knowledge available about all of them in 
a multidisciplinary way [6].
Section 2 will outline the concept of an Integrated 
Factory Design framework intended as a workspace
where multiple actors using different analysis and design 
tools from different disciplines act and interact on the
same system model in a concurrent and coherent way
(Fig. 2). Then Section 3 will describe how a business
process related to the design of product, process and 
production systems may benefit from a platform 
guaranteeing the interoperability between software tools.
2. Concept for an Integrated Framework
The Digital and Virtual Factory (VF) paradigm can
assist in tackling the co-evolution problem by providing
software tools that implement the methodologies
supporting manufacturing system design, process design, 
simulation, production control, visualization, etc.
However, because of the complexity of the
comprehensive manufacturing problem, the digital
factory tools are traditionally designed to focus on
specific issues and tasks, often considering their own 
knowledge representations and models of products,
processes and production systems. Therefore, one of the
main challenges in manufacturing engineering consists
in the innovative integration of methodologies and tools
within a common software platform.
The topic of Digital and Virtual Factory is relevant
both from the industrial and research perspective. 
Indeed, major companies (e.g. Siemens PLM, PTC,
Dassault Systèmes, SAP and Oracle) providing 
commercial software solutions for product, process and 
system design, generally recognized as Product Life-
cycle Management (PLM), already offer all-
comprehensive suites containing software tools that have 
been developed or acquired in the recent years. These
tools deal with most of the factory planning, design and
deployment phases, but the current approaches still do
not fully meet the needs of the industry. One of the
reason for this is that, despite these tools embrace the
expectation of being a shared platform to capture,
represent, and exchange a wide variety of data across all
the phases of a product/factory life-cycle, until today 
they not ensure that the exchange and reuse of 
knowledge across the extended enterprise take place
with enough easiness and effectiveness. In more concise
words, the lack of interoperability. Moreover, Small and 
Medium Enterprises (SME) can hardly afford the 
expensive PLM software suites available.
This points out the need of a great step forward in the
development of a Virtual Factory concept enabling the 
modelling the factory as a whole in terms of processes,
dependencies and interrelations, data and material flows
[7]. The Virtual Factory technologies should guarantee
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the democratization of simulation and analysis 
approaches for industrial systems, by reducing the total 
cost of ownership of a holistic virtual representation of 
the factory. In particular, the following aspects need to 
be properly addressed: 
 Handling of heterogeneous information related to the 
design and operational/execution phase of products, 
processes and resources within a coherent and 
updated conceptual model. 
 Integration and harmonisation of knowledge and 
information from different tools and techniques 
working on various discipline and at different levels 
of detail.  
 Decrease of the investment and operating costs that 
are currently associated with the commercial all-
comprehensive software suites. 
 Maintenance of the virtual representation of a 
manufacturing system so that it can be constantly 
synchronised with the real one. 
 Extend the functionalities and usage of virtual factory 
tools to enable engineers and field technicians  taking 
advantage of simulation and virtualization of 
processes without the need  of relying on dedicated 
specialists. 
An effective Virtual Factory platform supporting 
interoperability between digital factory tools must be 
able to address the following key technological issues: 
 A common and standard Data Model for the 
representation of factory objects related to production 
systems, resources, processes and products, i.e. the 
Data & Knowledge. 
 A shared data storage that accessible by the different 
digital factory tools to retrieve input data and 
contribute the generated output data.  
 A software middleware able to access the shared data 
and correctly interpret/convert them according to the 
common data model. 
Several scientific papers [8-9-10-11-12] and research 
projects have addressed the Virtual Factory concept. For 
example, the following projects can be mentioned: 
VFTS [13], IRMA [14], DiFac [15], COPERNICO [16] 
and VFF (Virtual Factory Framework) [17]. 
2.1. Data Model 
The problem of developing a comprehensive data 
model for the manufacturing domain has been 
extensively addressed in the literature and the research 
community has also tried to standardize the related 
information. For instance, the Standard for the Exchange 
of Product Model Data (STEP) [18] supports the 
exchange of information aiming at creating an 
interlingua for exchanging manufacturing product data. 
The derived standard STEP-NC [19] further extends 
STEP by focusing on manufacturing operations. The 
Process Specification Language (PSL) [20] standard 
proposes a general ontology to represent manufacturing 
processes to exchange process information and 
knowledge. The Industry Foundation classes (IFC) 
standard by buildingSMART [21], partially based on 
STEP, represents an open specification for Architectural 
Engineering Construction (AEC) industry domains and 
its data structures can be further specialized for other 
industrial domains, such as the manufacturing domain. 
ANSI/ISA-95 [22] is an international standard for 
developing an automated interface between enterprise 
and control systems. This standard has been developed 
for applications in all industries and in all sorts of 
processes, ranging from batch processes to continuous 
and repetitive processes. ISA-95 aims at providing both 
a consistent terminology and information models as well 
consistent operations models. However, most of the 
existing technical standards are focused on particular 
areas of the factory domain. Therefore it can be often 
necessary to integrate various contributions to cover all 
the required knowledge domains, as already highlighted 
by Colledani et al. [23-24] and Valente et al. [25]. 
In the literature, a different class of data models has 
been proposed that exploits Semantic Web technologies 
[26], being ontologies [27] a possible way to generate a 
more flexible data model integrating different 
knowledge domains. Indeed, the Semantic Web 
technologies offer the possibility to represent formal 
semantics, efficiently model and manage distributed 
data, ease the interoperability of different applications, 
and exploit generic tools that can infer from and reason 
about an ontology. Moreover, ontologies allow 
integrating fragmented data models into a unique model 
without losing the notation and style of the individual 
ones [28]. Various ontologies have been developed to 
support the virtual enterprise (e.g. CIMOSA [29], FDM 
[30], MOSES [31] and MISSION [32]) and then 
extended focusing on the operational scope. Lin et al. 
[33] designed a Manufacturing System Engineering 
(MSE) ontology to provide a common understanding of 
manufacturing-related terms and to enhance the semantic 
and reuse of knowledge resources within global 
extended manufacturing teams. Léger et al. [34] 
presented a Manufacturing's Semantics Ontology 
(MASON) that is built upon three main concepts: 
entities, operations and resources. Similarly, Martin and 
[35] developed an ontology decomposed into 
product, process and resource areas. ADACOR (A 
Collaborative Production Automation and Control 
Architecture) could be classified as general-purpose 
manufacturing ontology [36].  
Terkaj et al. [37]Erro! A origem da referência não 
foi encontrada. proposed a Virtual Factory Data Model 
(VFDM) to formalize and integrate the concepts of 
building, product, process and production resource 
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handled by the digital tools supporting the factory life-
cycle phases. Instead of creating a brand new data 
model, the development of the VFDM aimed at 
exploiting as much as possible the already existing 
technical standards for manufacturing (e.g. IFC, STEP-
NC, ISA-95), thus trying to favour the interoperability 
between software tools. The VFDM was implemented as 
an ontology, by translating the existing standards into a 
common language and developing the required 
extensions. 
2.2. Integration of Tools and Interoperability 
The integration of a digital factory tool into a 
platform supporting the interoperability requires the 
development of a specific middleware that takes care of 
I/O data conversion and transfer from the internal data 
structures of the digital factory tool to the shared data 
storage, and vice-versa. A proper middleware may be 
developed only if: 
 The digital factory tool offers a way to access and 
modify (if needed) its internal data structures, e.g. via 
an application programming interface (API).  
 It is possible to map the classes and properties of the 
common data model to the internal data structure of 
the digital factory tool. 
If such requirements are met, then a digital factory 
tool can be integrated into a Virtual Factory platform by 
developing a proper middleware according to the 
language required by the API. Then, it is necessary to 
populate the shared repository with data and knowledge 
required as input by the newly integrated digital factory 
tool. Such population can be accomplished by means of 
Graphical User Interface (GUI) tools, by transferring 
data from existing databases or legacy systems, or by 
integrating further digital tools within the Virtual 
Factory platform. 
The adoption of an efficient and effective solution for 
data storage is fundamental for the success of a Virtual 
Factory platform. The data storage should provide also 
remote access and guarantee data consistency via 
versioning and locking systems. It is possible to adopt 
solutions based on traditional relational databases (e.g. 
MySQL, PostgreSQL, etc.) or more recent developments 
like NoSQL database (e.g. MongoDB [38]), object 
database and mixed solutions (e.g. Virtuoso Universal 
Server [39]) that can be exploited also by digital factory 
tools adopting Semantic Web technologies. 
3. Application Cases 
This section presents two application cases showing 
how an integrated factory platform may lead to increase 
the effectiveness and the efficiency of the business 
processes related to the design of products, processes 
and production systems. At first, the case of joint 
product and process design will be addressed, while 
considering also the capability of the production system 
(Sect.3.1); then the problem of designing a production 
system while taking into consideration both its physical 
characteristics and its performance will be presented 
(Sect.3.2). 
3.1. Process Requirements and Machine Tool Capability 
The design of a product and its manufacturing 
process  relies more and more on computer-aided design 
(CAD) and computer-aided manufacturing (CAM) 
software tools. The importance of the integration 
between these two design phases has been vastly 
addressed in the scientific literature and many major 
companies provide software packages to reach this aim. 
However, the link between the product design phase 
(CAD/CAM) and the process planning is still weak, due 
to the difficulty of matching the characteristics of the 
manufacturing process with the capability of the 
equipment and, in general, with the production system 
design and management. This is also the reason for the 
scarce availability of software tools supporting the 
generation of process plans (or Computer Aided Process 
Planning, CAPP).  
Referring to Numerically Controlled (NC) production 
resources, the link between the CAD, CAM and the NC-
related issues aims at supporting the integration of 
product and process information with kinematic and 
functional information of the production resources 
devoted to the execution of the machining process.  
The integration of different tools in this area aims at 
jointly considering the design of a machining process 
and its verification through NC simulation software able 
to detect collisions and verify the tool-paths (Fig 3).  
 
 
Fig. 3. NC simulation software (VERICUT [40]). 
This assessment of the requirement of the process and 
the verification phase offers the option of modelling 
customised machine tools and component solutions thus 
supporting the design of new concept and architecture of 
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machine tools and auxiliary devices to match the product 
and process evolution. In addition, it also provides the
capability of assessing different aspects of the process
execution like the energy consumption and the dynamic
compliance of the machine tools in relations with the
operations to be executed.
These last aspects have been addressed, for instance,
-
Dematerialised Manufacturing Systems: A new way to
[41], aiming at exploiting the concept of 
dematerialization for machine tools and systems whose
design principles answer to energy savings [42] and 
cutting edge performance requirements across their 
lifecycles [43] (Fig 4).
Fig. 4
3.2. Layout Design and Performance Evaluation
The design of a manufacturing system is a complex
task strictly related to manufacturing strategy decisions
having an impact on a long time horizon (usually more
than two years) and involving a major commitment of 
financial resources. The complexity of these decisions
and their importance from the point of view of the
profitability of capital investments emphasizes the need
to have formal and structured approaches to evaluate the
performance of a manufacturing system.
Usual performance indicators in a manufacturing
context can be the production volumes, the quality of the
output, the incurred cost, etc. In addition, more detailed 
performance indicators may be calculated, e.g. the
utilization of production resources, the average flow 
time of products, the average level of the work in 
progress. Different models can be used to address
specific types of analysis and levels of detail while
modelling a manufacturing system to evaluate its
performance.
The design phase can benefits from the availability of 
virtual representation of the manufacturing system that is
continuously updated during both the design and
operational/execution phase, thus allowing the use of 
different performance evaluation approaches (e.g.,
analytical methods and simulation) and guaranteeing an 
overall coherence of the obtained results.
Fig. 5. Layout design of a manufacturing system grounding on the
Virtual Factory Framework.
The development of a framework for the
interoperability between software tools  supporting 
factory processes has been carried out within the 
European Virtual Factory Framework This
framework has been successfully applied to provide an
integrated framework for the design of the layout of a
manufacturing system and to provide the capability of 
assessing the associated performance using multiple
evaluation approaches [44] (Erro! A origem da
referência não foi encontrada.).
4. Conclusions
This paper addresses the concept of an Integrated 
Factory Design framework providing the capability of 
using different and heterogeneous analysis and design 
tools on the same manufacturing system model in a
concurrent and coherent way. This framework is
highlighted as a prerequisite condition to tackle the co-
evolution problem, i.e., the integrated management of 
product, process and production system and their 
evolution over the time.
The main related technological problems have been 
highlighted and compared to the available solutions and
the not yet fulfilled needs, outlining emerging research 
challenges that need to be addressed.
Application cases have been provided to show the
benefits of an integrated factory platform related to 
effectiveness and the efficiency of the design of 
products, processes and production systems.
References
[1] ManuFuture, The Technology Platform on Future Manufacturing 
Technologies. [Online]. Available: http://www.manufuture.org/.
[2] Jovane F, Yoshikawa H, Alting L, Boër C, Westkamper E,
Williams D, Tseng MSGPA. The incoming global technological 
and industrial revolution towards competitive sustainable
30   Tullio Tolio et al. /  Procedia CIRP  7 ( 2013 )  25 – 30 
 
manufacturing. CIRP Annals - Manufacturing Technology 2008; 
57(2):641-659.  
[3]  ElMaraghy HA, Wiendahl HP. Changeability - An Introduction. 
In: ElMaraghy HA, editor. Changeable and Reconfigurable 
Manufacturing Systems, London: Springer; 2009, p. 3-24. 
[4]  Tolio T, Ceglarek D, ElMaraghy H, Fischer A, Hu S, Laperrière 
L, Newman S, Váncza J. SPECIES -- Co-evolution of Products, 
Processes and Production Systems. CIRP Annals - 
Manufacturing Technology 2010;59(2):672-693.  
[5]  Terkaj W, Tolio T, Valente A. Designing Manufacturing 
Flexibility in Dynamic Production Contexts. In: Tolio T, editor. 
Design of Flexible Production Systems, Berlin Heidelberg: 
Springer; 2009, p. 1-18. 
[6]  Lu SCY, ElMaraghy W, Schuh G, Wilhelm R. A scientific 
foundation of collaborative engineering. CIRP Annals - 
Manufacturing Technology 2007; 56(2):605-634.  
[7]  Sacco M, Pedrazzoli P, Terkaj W. VFF: Virtual Factory 
Framework. In: Proceedings of ICE - 16th International 
Conference on Concurrent Enterprising, Lugano, Svizzera, 2010.  
[8]   M, Keil J, Behr J, Gillich J S,  E. Coperion 
3D  A Virtual Factory on the Tabletop. In: Proceedings of 5th 
INTUITION International Conference: Virtual Reality in 
Industry and Society, 2008.  
[9]  Ding J, Wang Y, Chen K. An Interactive Layout and Simulation 
system of Virtual Factory. Applied Mechanics and Materials 
2010; 20-23:421-426.  
[10]  Yang S, Ahn B, Seo K. Development of a prototype customer-
oriented virtual factory system. The International Journal of 
Advance Manufacturing Technology 2006;28(9-10):1031-1037.  
[11]  Zhai W, Fan X, Yan J, Zhu P. An Integrated Simulation Method 
to Support Virtual Factory Engineering. International Journal of 
CAD/CAM 2002;2(1):39-44.  
[12]  Jain S, Choong N, Aye K, Luo M. Virtual factory: an integrated 
approach to manufacturing systems modeling. International 
Journal of Operations & Production Management 2001:21(5-
6):594-608.  
[13]  Kazlauskas E, Boyd E, Dessouky M. The Virtual Factory 
Teaching System (VFTS): Project Review and Results. In: 
Proceedings of ED-MEDIA 2002 World Conference on 
Educational Multimedia, Hypermedia & Telecommunications, 
2002. 
[14]  Modern P, Stedmon A  M, Wilson J, Sharples G. The 
factory of the future? The integration of virtual reality for 
advanced industrial applications. In: Proceedings of the Human 
Computer Interaction International Conference, Greece, 2003. 
[15]  Sacco M, Redaelli C, Cândea C, Georgescu A. DiFac: an 
integrated scenario for the Digital Factory. In: Proceedings of 
15th International Conference on Concurrent Enterprising, 2009.  
[16]  COPERNICO, [Online] Available: http://www.copernico.co/. 
[17]  Kádár B, Terkaj W, Sacco M. Semantic Virtual Factory 
supporting interoperable modelling and evaluation of production 
systems. CIRP Annals - Manufacturing Technology 2013;62(1): 
to be published.  
[18]  ISO 10303-1:1994: Industrial automation systems and integration 
- product data representation and exchange. Part 1: Overview and 
fundamental principles, Geneva, Switzerland, 1994. 
[19]  ISO 14649-1:2002: Industrial automation systems and integration 
- physical device control  data model for computerized 
numerical controllers. Part 1: Overview and fundamental 
principles, Geneva, Switzerland, 2002. 
[20]  ISO 18629-1:2004: Industrial automation systems and integration 
-- Process specification language - Part 1: Overview and basic 
principles, Geneva, Switzerland, 2004. 
[21]  buildingSMART. [Online]. Available: http://buildingsmart-
tech.org/specifications/ifc-overview. 
[22]  International Society of Automation. ISA-95: the international 
standard for the integration of enterprise and control systems. 
[Online]. Available: http://www.isa-95.com/. 
[23]  Colledani M, Terkaj W, Tolio T, Tomasella M. Development of a 
Conceptual Reference Framework to manage manufacturing 
knowledge related to Products, Processes and Production 
Systems. In: Bernard A, Tichkiewitch S, editors. Methods and 
Tools for Effective Knowledge Life-Cycle-Management, Berlin 
Heidelberg: Springer; 2008, p. 259-284. 
[24]  Colledani M, Terkaj W, Tolio T. Product-Process-System 
Information Formalization. In: Tolio T, editor. Design of Flexible 
Production Systems, Berlin Heidelberg: Springer; 2009, p. 63-86. 
[25]  Valente A, Carpanzano E, Nassehi A, Newman S. A STEP 
compliant knowledge based schema to support shop-floor 
adaptive automation in dynamic manufacturing environments. 
CIRP Annals - Manufacturing Technology 2010;59(1):441-444.  
[26]  W3C. OWL 2 Web Ontology Language. [Online]. Available: 
http://www.w3.org/TR/owl2-overview/. 
[27]  W3C. OWL Web Ontology Language Use Cases and 
Requirements [Online]. Available: 
http://www.w3.org/TR/webont-req/#onto-def. 
[28]  Hepp M, De Leenheer P, De Moor A, Sure Y. Ontology 
Management: Semantic Web, Semantic Web Services, and 
Business Applications. Springer; 2007. 
[29]  Kosanke K, Vernadat F, Zelm M. CIMOSA: enterprise 
engineering and integration. Computers in Industry 1999;40:83
97. 
[30]  Harding J, Omar A, Popplewell K. Application of QFD within a 
concurrent engineering environment. International Journal of 
Agile Management Systems 1999;1:88 98.  
[31]  Ellis T, Molina A, Young R, Bell R. The development of an 
information sharing platform for concurrent engineering. In: 
Proceedings of the International Manufacturing Systems 
Engineering Workshop, Grenoble, France, 1994.  
[32]  Harding J, Popplewell K, Cook D. A manufacturing system 
engineering moderator: an aid for multi-discipline project teams. 
International Journal of Production Research 2003;41:1973 1986. 
[33]  Lin H, Harding J, Shahbaz M. Manufacturing system engineering 
ontology for semantic interoperability across extended project 
teams. International Journal of Production Research 
2004;42(24):5099-5118.  
[34]  Léger A, Heinecke J, Nixon L, Shvaiko P, Charlet J, Hobson P, 
Goasdoué F. The semantic web from an industry perspective. In: 
Proceedings of the 2nd Reasoning Web Summer School, 2006.  
[35]  Martin P,  A. Design of a production system: an 
application of integration product-process. Int J Computer 
Integrated Manufacturing 2003;16(7):509 516. 
[36]  Leitão P,  Restivo F. ADACOR: A holonic architecture for agile 
and adaptive manufacturing control. Computers in Industry 
2006;57(2):121-130.  
[37]  Terkaj W, Pedrielli G, Sacco M. Virtual Factory Data Model. In: 
Proceedings of OSEMA 2012 Workshop, 7th International 
Conference on Formal Ontology in Information Systems, Graz, 
Austria, 2012. 
[38]  MongoDB, [Online]. Available: http://www.mongodb.org/. 
[39]  Virtuoso Universal Server, [Online]. Available: 
http://virtuoso.openlinksw.com/. 
[40]  VERICUT, [Online]. Available: http://www.cgtech.com/. 
[41]  DEMAT, Dematerialised Manufacturing Systems, [Online]. 
Available: http://www.dematproject.eu/. 
[42]  Dietmair A, Zulaika J, Sulitka M, Bustillo A, Verl A. Lifecycle 
Impact Reduction and Energy Savings through Light Weight 
Eco-Design of Machine Tools. In: Proceedings of the 17th CIRP 
Int Conf on Life Cycle Engineering, Anhui-China, 2010.  
[43]  Copani G, Leonesio M, Molinari Tosatti L, Pellegrinelli S, Urgo 
M, Valente A, Zulaika Munian J. Holistic Approach for Jointly 
Designing Dematerialized Machine Tools and Production 
Systems Enabling Flexibility-Oriented Business Models. In: 
Dornfeld DA, Linke BA, editors. Leveraging Technology for a 
Sustainable World, Berlin Heidelberg: Springer; 2012, p. 209-
214. 
[44]  Terkaj W, Urgo M. Virtual Factory Data Model to support 
Performance Evaluation of Production Systems. In: Proceedings 
of OSEMA 2012 Workshop, 7th International Conference on 
Formal Ontology in Information Systems, Graz, Austria, 2012. 
